Broad beans (Vicia faba) and lupin seeds (Lupinus albus) are legumes rich in a wide range of compounds, which may represent a useful dietary approach for modulating the human gut microbiome. In this work, after in vitro digestion, legume samples were used as carbon sources in anaerobic batch cultures to evaluate their impact on the intestinal microbiota composition and on their metabolic products. The fermentations were monitored by a decrease in pH, generation of short chain fatty acids (SCFA) and lactate and the changes in the dynamic bacterial populations by fluorescence in situ hybridization (FISH). The total SCFA at the end of fermentation was 81.52 mM for lupin seeds and 78.41 mM for broad beans accompanied by a decrease of the pH for both legumes. The microbial groups that increased significantly (P < 0.05) were Bifidobacterium spp., Lactobacillus-Enterococcus, Atopobium, Bacteroides-Pretovella, Clostridium coccoides-Eubacterium rectale, Faecalibacterium prausnitzii and Roseburia intestinalis. This impact on the intestinal microbiota suggests that lupin seeds and broad beans may be used in the development of novel functional foods, which can be included in dietary strategies for human health promotion.
Introduction
The compositional and functional link-up between intestinal microbiota and the host is mainly affected by the diet. So, the intestinal microbiota is capable of metabolizing the dietary components stimulating the proliferation and metabolic activity of bacterial populations. 1 In this context, prebiotic carbohydrates are important components of healthy diets and represent a useful dietary approach supporting healthful hindgut microbiota. "A dietary prebiotic is a selectively fermented ingredient that promotes specific changes in the composition and/or activity of the gastrointestinal microbiota, thus conferring benefit(s) upon host health". 2 Prebiotics are non-digestible by digestive enzymes in the human gut and enter the gut without modifying their structure. None are excreted in faeces, which may indicate that they are fermented by gut microbiota to produce SCFA (acetate, propionate and butyrate), L-lactate, CO 2 and H 2 .
The beneficial health effects of prebiotics are related to their influence on the gut microbiota composition, to the stimulation of growth, metabolism and activities of lactic acid bacteria, bifidobacteria and other emergent strains such as Roseburia intestinales and Faecalibacterium prausnitzii 3, 4 in the human intestine, exerting several functional properties, such as prevention of pathogen adhesion and colonization, modulation of bowel habits, regulation of lipid and glucose metabolism, and the influence of the intestinal metabolome. 5 Likewise, growth of these beneficial bacteria promotes indirectly the stimulation of the immune system through IgA and IL (IL1, IL6 and γ-IL) production. 6 In recent years, a large number of studies in the area of prebiotics have been focused on purified oligosaccharides from renewable sources to evaluate their impact on the gut microbiota composition and their metabolic products and have been reported to potentially provide similar beneficial effects to those of inulin-type fructans. 1, [7] [8] [9] However, few studies have been carried out using food sources rich in prebiotic components without the need to extract these compounds. Very recently, it has been demonstrated that legumes could be used as a useful dietary tool to overcome gut dysbiosis. 10 Pulses contain proteins, important vitamins and minerals (e.g., folate and iron, respectively) as well as antioxidants, very small amounts of unsaturated fats and complex carbohydrates (e.g., fibers, resistant starch and oligosaccharides as α-galactosides or raffinose family oligosaccharides (RFOs)). Pulse ingredients could, therefore, constitute a very good source of growth factors and prebiotic components that are relevant to gastrointestinal health and can be used for food supplementation offering the possibility of improving the formulation of functional foods. 11 Pulses such as lupin seeds (Lupinus albus) and broad beans (Vicia faba) are two good sources of prebiotic carbohydrates. Lupin seeds seem to contain the highest amount of α-galactosides among the pulse species (7-15%) 12 and ajugose is present in significant amounts (0.3-2%). 13 In broad beans verbascose is the main oligosaccharide in the seed. 13 α-Galactosides are oligosaccharides, which are not digested in the upper part of the gastrointestinal tract, due to the absence of α-galactosidase among human endogenous enzymes, and are therefore available for bacterial fermentation in the intestine. 14 To our knowledge, research on the prebiotic potential of lupin seeds and broad beans is very limited and none have investigated their effects on the metabolism and population dynamics of intestinal microbiota. Therefore, the main objective of this work was to evaluate the impact of two traditional Portuguese pulses (lupin seeds and whole broad beans) on the intestinal microbiota composition and metabolomic output using an in vitro fermentation system.
Results and discussion
In the present study, we aimed at investigating the impact of lupin seeds and broad beans on the dynamics and metabolome of the colonic microbiota; these pulses are characterized by a high content in dietary fiber that includes various complex polysaccharides and constitute a potential source of prebiotics scarcely explored. 1 Fermentations were followed by measuring the production of SCFA (acetate, propionate and butyrate) and lactate in the media, the pH shifts and the changes of the microbial populations by FISH. For comparative purposes, similar information was obtained in assays using either FOS (which have a recognized prebiotic effect, positive control), 15 or a medium without the carbon source (negative control).
Changes in bacterial populations in faecal batch cultures analyzed by FISH
The quantitative changes in the human fecal bacterial populations observed in the in vitro cultures are summarized in Table 2 . In the negative control cultures, all bacterial groups remained without significant variation throughout fermentation; this was not the case for the two tested legumes and FOS where all groups revealed significant variations (P < 0.05) at the fermentation times assayed (see Table 2 ), with the exception of the Bacteroides/Prevotella group and Clostridium histolyticum group clusters I, and II for which no significant variations were detected during the first 7 h of incubation between the addition of assayed substrates (legumes and FOS) and the control, but at 24 h of fermentation significant differences were observed (P < 0.05). Moreover, no significant variations were detected in total cell counts between lupin seeds, broad beans and FOS (P > 0.05).
In relation to the specific microbial groups, the results obtained with the selected whole legumes exhibited a certain degree of selectivity for Bifidobacterium spp., Clostridium coccoides-Eubacterium rectale, Faecalibacterium prausnitzii and Roseburia intestinalis (see Table 2 ).
The increases in Bifidobacterium spp. were higher for media containing lupin seeds and broad beans (1.17-1.11 log-fold, respectively) and FOS (0.81 log-fold) than in the negative control. The shifts in the Bifidobacterium spp. population were similar for lupin seeds and broad beans (P > 0.05) and significant differences (P < 0.05) were found in comparison with FOS at 24 h of fermentation. This result confirms the suitability of these substrates as carbon sources for the growth of bifidobacteria. Therefore, lupin seeds and broad beans caused stronger bifidogenic effects than FOS. The bifidogenic in vitro response of the fecal microbiota of purified GOS has been well reported. [16] [17] [18] However to our knowledge, there is no study that investigated the evaluation of the bifidogenic profile in legumes. Rycroft et al. (2001) 19 reported that commercial GOS increased the level of bifidobacteria (an increase of 0.61 log cells per mL) in human faecal batch culture fermentations. Sanz et al. (2005) 20 showed that bifidobacterial populations increased with various galactose-containing disaccharides, so the increase of this group growing on 6β-galactobiose was 0.82 log cells per mL. Similar to our results, Cardelle-Cobas et al. 16 assessed the in vitro fermentation of several purified galactooligosaccharides (GOS) and reported minor changes in the content of bifidobacteria (an increase of 0.15 log cells per mL) in comparison with those obtained in this study. The bacterial species that are responsible for the maintenance of the normobiosis in the human gut microbiota are not well clarified, but it is widely considered that bifidobacteria play an important role, 21 and the increases in their population might promote the well-being of the host. Favorable shifts in SCFA profiles were found in the present study in cultures using faecal inocula, attributed not only to the single bifidogenic effect previously described (shown by FISH analyses), but also to the change of other microbial groups that may metabolize acetate and produce propionate or butyrate via a metabolic cross-feeding mechanism 22 such as Roseburia spp.
The Lactobacillus-Enterococcus group and the Atopobium cluster showed a similar growth with all carbon sources tested, and no significant differences were found between the tested substrates (P > 0.05), having registered an increase in cell counts of 1.15 log-fold for legumes and 0.8 log-fold for FOS. This is an important observation to uphold the robustness of our results since FOS has previously been reported by other authors to enhance the growth of lactobacilli and Atopobium. 9, 19 However, to the best of our knowledge, this is the first evidence showing the stimulatory effect on intestinal lactobacilli and Atopobium populations after in vitro fermentation with broad beans and lupin seeds. These results are in agreement with the data reported in related studies; Hernandez-Hernandez et al. (2011) 23 reported an increase in the population of these bacterial groups upon fermentation of the alternansucrase raffinose-derived oligosaccharides. Conversely, Rodriguez-Colinas et al. (2013) 16 did not observe stimulation of these bacterial groups on fermentation of different purified galactooligosaccharides.
The Bacteroides-Prevotella group, which comprises about 30% of the total colonic culturable microbiota, displayed a similar increase during the first 7 h of incubation with both legumes and FOS as shown in Table 2 , whereas at 24 h of fermentation the growth was slightly more pronounced (P < 0.05) for broad beans and FOS (1.12 log-fold and 1.2 log-fold, respectively) than for lupin seeds (0.89 log-fold increase). Maccaferri et al. (2012) 1 demonstrated that PF (a pulse flour of lentils and chickpeas (50 : 50)) induced an overall increase of this bacterial group, known to be primary propionate and acetate producers. A similar behaviour was observed for Clostridium histolyticum group clusters I, and II growing both on legumes and FOS where all growth substrates enabled a similar increase (P > 0.05) in cell numbers (0.63, 0.69 and 0.83 log-fold for lupin seeds, broad beans and FOS, respectively) during fermentation. Rodriguez-Colinas et al. (2013) 16 observed slight increases of the Chis150 group (0.56 log cells per mL) growing on purified allolactose + 6-galactobiose; this group is specifically related to propionate production as reported in this study in the next section. Clostridium coccoides-Eubacterium rectale increased significantly over the 24 h fermentation representing the third most stimulated bacterial group by the supplementation with legumes. Significant differences (P < 0.05) were observed for the two legumes in comparison with the FOS cultures over fermentation (0.99, 1.06 and 0.81 log-fold for lupin seeds, broad beans and FOS, respectively), yet no significant differences between lupin seeds and broad beans were observed (P > 0.05). Interestingly, this result is not in agreement with that reported by Maccaferri et al. (2012) 1 who observed a decrease in the cell numbers of this bacterial group in a medium supplemented with PF. Such differences in behavior seem to indicate a legume-dependent effect, an observation that this study also corroborated with differences reported between lupin seeds and broad beans for some bacterial groups studied. On the other hand, Rodriguez-Colinas et al. (2013) 16 reported that purified Total bacterial counts were obtained using DAPI and bacterial groups with FISH probes. Mean bacterial count ± standard deviation (n = 3). Different letters indicate significant differences (P < 0.05) for each bacterial group. Substrates were compared for two fermentation sampling times (7 and 24 h).
galactooligosaccharides caused slight changes in the population of C. coccoides-E. rectale, which is, in fact, the major butyrateproducing bacterial groups found in human faeces. Faecalibacterium prausnitzii and Roseburia intestinalis were the two species most stimulated by the addition of either of the two legumes. Their numbers increased significantly over the 24 h fermentation period, independently of the substrate added, but these were significantly higher for both legumes than for FOS (P < 0.05), yet between lupin seeds and broad beans no significant differences were found (P > 0.05). F. prausnitzii registered increases of 1.45, 1.27 and 1.10 log-fold for lupin seeds, broad beans and FOS, respectively and for R. intestinalis differences of 1.45, 1.47 and 1.13 log-fold with respect to the initial count were observed for lupin seeds, broad beans and FOS, respectively. The certain degree of selectivity exhibited by lupin seeds and broad beans for these bacterial groups confirmed their better suitability as carbon sources for the metabolism of F. prausnitzii and R. intestinalis against FOS. However, our results are not in agreement with those reported by Maccaferri et al. (2012) 1 who found a low increase in F. prausnitzii during the fermentation of a mixture of chickpeas and lentils (50 : 50). The fact that these legumes promoted the growth dynamics of these two groups is very interesting because the populations of F. prausnitzii are reported to be decreased in Crohn's disease and, in addition, recent evidence 24 strongly suggests that F. prausnitzii produces a separate anti-inflammatory factor 25 and is active in ulcerative colitis related to butyrate production. 26 Another feature of Crohn's disease is the detection of antibodies against commensal bacteria. Antibodies against flagellar antigens include those that target flagella of bacteria that are related to E. rectale and Roseburia spp. 27 Moreover, Roseburia spp. is associated with insoluble fibers and ferments these fibres as an energy source. Walker et al. between Roseburia spp. and butyrate production in obese patients on a carbohydrate-resistant diet. Based on this information, it is not yet clear that a decreased population of these groups is beneficial for the host's health. On the other hand, we must take into account that in vitro and in vivo experience indicates that a group affined to Roseburia and E. rectale performs a main function in mediating the butyrogenic effect of fermentable dietary carbohydrates. 30 
Short chain fatty acid (SCFA) production in faecal cultures
The changes observed in the SCFA profile were in agreement with the microbial population dynamics data obtained through FISH described in the above section. Table 3 shows the concentrations of SCFA and lactate throughout the different fermentations, the ratio acetate/propionate (A/P) and the pH shifts resulting from the generation of acids. Both the increase in SCFA amount and the decrease in pH during the fermentation were considerably more pronounced in the presence of carbon sources than in negative control cultures. Acetic acid was the most abundant SCFA followed by propionic and butyric acids that achieved similar concentrations by the end of the fermentation period (see Table 3 ). It should be noted that SCFA generation in cultures lacking a carbon source is due to degradation of proteins by putrefactive bacteria present in the intestinal microbiota. Consequently, low SCFA formation in negative control cultures is obtained. Lactic acid was detected only during the first 7 h of fermentation of carbon sources; a possible cause for its disappearance during the full fermentation process could be the fact that it can be converted into SCFA by different bacterial species 31, 32 that use the end products of other species as a substrate in a metabolic cross-talk.
Acetic acid was clearly the most prevalent SCFA with all the substrates tested, and reached the highest concentrations in media containing legumes (51 mM) after 48 h of fermentation. Acetic acid acts as an energy substrate for muscle tissue. The predominant formation of acetic acid is in agreement with the results reported by Rodriguez-Colinas et al. (2013) 16 for the faecal fermentation of purified galactooligosaccharides. Bifidobacteria, lactobacilli and some microorganisms of the Atopobium cluster 33, 34 are lactic acid producers; acetic acid is formed by many anaerobic bacteria from the human tract, 35 also being a major end product of carbohydrate fermentation for bifidobacteria. However, it is complicated to establish a relationship between the production of these acids with a specific bacterial genus when the assays are carried out with faecal slurries. The exponential increase in acetic acid concentration during the first 7 h of fermentation was in agreement with the increment of total bacterial count as well as with the increases in lactobacilli, bifidobacteria and Atopobium (see Table 2 ). Regarding propionic and butyric acid concentrations, the highest values were detected after 48 h of fermentation of legumes in comparison with FOS (see Table 3 ). Propionate is utilized primarily by the liver and converted to glucose, it may also modify hepatic metabolism and its role as a potential modulator of cholesterol synthesis has been proposed. 36 Enhanced generation of acids in intestinal fermentation might be desirable because acidic environments can inhibit the growth of harmful microorganisms. 15 Butyrate is the main source of energy for the colony epithelial cells that constitute the epithelial lining of the large intestine, and its increased production by gut bacteria has been linked to a reduced incidence of colon cancer 21 since it protects these cells against agents that lead to cellular differentiation and may even inhibit tumour growth. 37 An important observation is the good correlation observed between butyrate generation and growth of producer bacterial groups assayed in this study (see Tables 2 and 3) ; that was in agreement with the fact that the majority of butyrate-producing bacteria are thought to be included in the Clostridium clusters XIV a + b and IV and Roseburia/Eubacterium rectale and Faecalibacterium groups, belonging to the first and second clusters respectively, and are probably the most prolific butyrate producers in the human colon.
38,39
The generation of acetate and propionate observed in this work, an indicator of the susceptibility to fermentability of lupin seeds and broad beans, is in agreement with the results reported by Maccaferri et al. (2012) 1 that demonstrated that a mixture of chickpeas and lentils (50 : 50) increased the concentration of acetate and propionate; this metabolic shift can be explained by the overall increase of Bacteroides/Pretovella species known to be primary propionate and acetate producers, which represent a considerable share of the intestinal microbiota resulting from the supplementation with the pulse mixture. Similar findings were found in this work; so, the increase in the acetic and propionic acids coincided with the increase in the above cited bacterial groups. Table 3 shows the ratio acetate/propionate (A/P) and we can observe that this proportion decreased over the incubation time. The ratio A/P decreased markedly during the period 7 h to 24 h in the case of both legumes whereas during the period 24 h to 48 h the decrease was less evident; this ratio declined smoothly for FOS during the period 7 h to 24 h and in the last 24 h the decrease was more marked (see Table 3 ). In the present study, the average ratio of acetic : propionic acids for lupin seeds was 3.39 and for broad beans was 3.18 at 24 h; these results compared favourably with those reported by other authors. 8, 40 This result is interesting because the reduction in the acetic to propionic acid ratio has been proposed as an indicator of a potential hypolipidemic effect of prebiotics (inhibition of cholesterol and fatty acid biosynthesis in the liver, which finally results in a decrease in lipid levels in blood). 41 Overall, SCFA production increased during the 48 h of fermentation in all the substrates studied and reported the highest production rates in the following order: lupin seeds > broad beans > FOS; at 24 h and 48 h of fermentation, both legumes registered similar fermentation patterns but showed statistical differences with FOS (P < 0.05). The moderately higher production of SCFA in the presence of legumes with respect to FOS could be attributed to the additive effects of the different compounds present in the legumes.
Experimental

Sample preparation
Lupin seeds (Lupinus albus) and broad beans (Vicia faba) were obtained from a local distributor in Porto (Portugal) and ground firstly by using a Bimby/Thermomix followed by using a coffee grinder to obtain a fine pulse powder.
In vitro simulation of human gastrointestinal transit of the legumes
An in vitro human gastrointestinal transit model that chemically simulates the physiological conditions from the mouth to the small intestine 42 was used to study the digestibility of lupin seeds and broad beans throughout the gastrointestinal tract. Digestibility was performed by enzymes and acid and basic solutions and absorption was simulated using a dialysis membrane of 1 kDa molecular weight cut-off to remove the low molecular mass digestion products. The sample obtained was stored immediately at −20°C, before freeze-drying for 72 h and lyophilized. These samples were used for the in vitro anaerobic fermentation. HPLC (High Performance Liquid Chromatography) was performed to monitor the removal of small compounds from the digestion procedure, thus ensuring that they were not present in the fermentation step to better mimic the real situation.
Prebiotic effect assessment
Samples of lupin seeds and broad beans were assayed for their in vitro fermentability as per the method of Gullón et al.
. 7 FOS (Sigma-Aldrich) was included as a positive control, and a medium without a carbon source was used as a negative control. Fermentation assays were carried out with 1% (w/v) of each carbon source. Samples were collected at 0, 7, 24 and 48 h of fermentation. Cells were recovered by centrifugation (10 000 rpm) and fixed in 4% paraformaldehyde for the analysis of bacterial populations by fluorescence in situ hybridization (FISH), following the method previously described. 7 The supernatants were used for the analysis of lactic acid and SCFA (by HPLC) and pH measurement. All additions and inoculations were carried out inside an anaerobic cabinet (5% H 2 , 10% CO 2 and 85% N 2 ). All experiments were performed in compliance with the relevant laws and institutional guidelines.
Quantification of bacterial population in batch cultures by FISH
FISH was performed following the method reported elsewhere. 7, 38 The probes used are reported in Table 1 and were commercially synthesized and labeled with the fluorescent dye Cy3 (Sigma-Aldrich). For the enumeration of total cells, samples were stained with the nucleic acid stain 4′,6-diamidino-2-phenylindole (DAPI). The samples were examined using an epifluorescence microscope (Olympus BX41) equipped with Fluor 100 lenses. A minimum of 10 fields were counted per sample and analyzed.
Determination of fermentation products in batch cultures
Supernatants from the anaerobic cultures were filtered through 0.20 μm cellulose acetate membranes, and analyzed for organic acids by HPLC. Analyses were performed using an Agilent 1200 series HPLC system with a RI detector (Agilent, Germany) and Aminex HPX-87H column (BioRad, Hercules, CA, USA). Other analysis conditions were as follows: mobile phase, 0.003 mol L −1 H 2 SO 4 at 0.6 mL min −1 and 50°C. 7 
Statistical analysis
Univariate analysis of variance (ANOVA) and the post hoc Tukey test were used to determine the significance of the effect of lupin seeds and broad beans on bacterial group populations and SCFA production. All statistical analysis were performed using SPSS for Windows version 21.0 (IBM SPSS, Chicago, IL) and differences were considered to be statistically significant at P ≤ 0.05.
Conclusions
The work presented here is the first study to investigate the influence of the fermentation of broad beans and lupin seeds on the complex faecal microbiota in vitro. The results indicated that compounds present in legumes have a potential prebiotic effect reflected in the increases in growth of several groups present in the intestinal microbiota and that are important for the normobiosis of the colon. Lupin seeds and broad beans were able to similarly stimulate the growth of certain numerically predominant bacterial groups in the human intestinal microbiota, Bifidobacterium spp., Lactobacillus-Enterococcus group, Bacteroides-Pretovella group, F. prausnitzii and Roseburia intestinalis being the most favoured. As a consequence of the increase of the bacterial groups, the generation of SCFA occurred, the major SCFA being acetic, propionic and butyric acids. This effect is better than that observed for FOS which is recognized as the gold standard of a prebiotic ingredient and this fact can be attributed to the heterogeneous and rich composition of legumes. Our findings support the incorporation of the tested legumes in the formulation and development of a variety of food products (for example: pasta from legume flours) and could be a useful dietary tool to manipulate the gut microbiota-mediated well-being endpoint as reported by other authors. 
